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Abstract
The angular dependence of the magneto-resistance in Ni80Fe20 zigzag wires with ﬁxed and varied pitch lengths has
been studied at a temperature of 10K. The magneto-resistance ratio due to the transformation from multi-domains to
single-domain of the samples is estimated to be 1.0 103. We have experimentally shown that the shape anisotropy
and the magnetization processes can be controlled by the wire geometry and the orientation between the sample and the
applied magnetic ﬁeld.
r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The effective control of the magnetic domain
state and the magnetization reversal process plays
an important role in future applications such as
patterned ultrahigh density magnetic recording
media and spin electronic devices. The magnetiza-
tion reversal in geometry-deﬁned wires can be
observed using measurements of the magnetore-
sistance. In general, the domain-wall (DW) pro-
pagation characterizes the magnetization reversal
process. As a result, different domain structures
reﬂect different parts on the MR curves and
correspond to contributions of the domain walls
to the MR. Contributions to the electrical
resistivity due to the presence of domain walls
were ﬁrst reported in Fe ferromagnetic wires [1].
Patterned materials, for example, narrow Ni wires,
were studied in 1995 by Hong and Giordano [2].
An unanticipated longitudinal magneto-resistance
was observed by these authors [2]. Domain wall
give a negative contribution to the magnetoresis-
tance in submicron Co wires as evidenced in Ref.
[3]. However, DW resistivity requires a subdivision
into the anisotropic magnetoresistance (AMR)
and the Lorentz magnetoresistance (MR) effects.
In an epitaxial microfabricated Fe wire, the
uniaxial anisotropy perpendicular to the wire axis
causes a regular stripe domain pattern with closure
domains which enables measurements of the
resistivity as a function of the DW density in a
single wire [4–6]. For a Co zigzag wire, two
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domain states corresponding to single and multi-
domain states with low and high resistivities,
respectively, are deﬁned by the zigzag shape
anisotropy [7,8]. The two-domain state with two-
different resistivities was identiﬁed at an applied
ﬁeld angle of 451. Domain structures in an
epitaxial Co wire were studied without correlating
them to the magnetoresistance in Ref. [9].
In our previous studies [10,11], we utilized
zigzag Ni80Fe20 wires to explore the domain wall
contribution to MR. The effects of the domain
wall density and the ﬁlm thickness on MR have
been studied. In this article, we aim to discuss the
angular dependence of the domain wall MR in
zigzag wires with two different geometries in order
to elucidate the different magnetization reversal
processes.
2. Experimental
Samples were prepared by a ﬁeld emission
electron-beam lithography technology (Hitiachi
4200). A lift-off process was used to pattern the
Ni80Fe20 zigzag wires on Si(1 0 0) with 100 nm SiO2
buffer-layers. Electron-beam resist PMMA and
copolymer were spin coated onto the substrate
separately. After the e-beam writing process,
MIBK (methyl isobutyl keyton):IPA ¼ 1 : 3 and
IPA were used to develop the patterns. Ni80Fe20
ﬁlms were deposited by DC magnetron sputtering
with a base pressure of 6 107 Torr. The thick-
ness of the ﬁlms was ﬁxed at 40 nm.
Zigzag wires were patterned between two gold
pads separated by 50 mm. Samples with the same
wire width of 500 nm have two kinds of pitch
lengths, one ﬁxed at 4 mm with a total wire length
of 7371 mm and the other with pitch lengths from
1 to 10 mm with a total wire length of 7871 mm.
Magnetoresistance measurements were per-
formed by the four-point method under a ﬁeld
applied in the plane of the wires and at different in-
plane orientations at variable temperatures from
10 to 300K. The samples rotate from longitudinal
to transverse wire directions and enable all in situ
measurements. Magnetic domain observations
were made by magnetic force microscopy at the
remanent state of the samples.
3. Results and discussion
Fig. 1 shows AFM and MFM images of the
zigzag patterned Ni80Fe20 wires. In Fig. 1(a), the
top image (AFM) of the wire shows clearly its
pitch length increasing from 1 to 6 mm (left-to-
right). The top image of Fig. 1(b) represents the
AFM image of the other sample with a constant
pitch length of 4 mm. The black and white patterns
near the corners exhibited in the bottom parts of
Figs. 1a and b are related to the rotation of the
magnetic moments. Figs. 2a and b show the
angular dependence of the magneto-resistance
ratio [ðRH  RH¼0Þ=RH¼0] measured at 10K for
samples with (a) varying pitch length and (b) ﬁxed
pitch length, respectively. The magnetization of
the samples was ﬁrst saturated under +20 kOe to
diminish its magnetic history. After decreasing the
magnetic ﬁeld from 20 to 1.5 kOe, the MR curves
were measured between +1.5 and 1.5 kOe in one
Fig. 1. AFM/MFM images of the Ni80Fe20 zigzag patterned
wires: (a) pitch 1B10mm, (b) pitch 4mm.
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cycle. Three curves with a ¼ 01; 451; and 901 are
presented in Fig. 2. Here, a ¼ 01 means that the
orientations of the applied magnetic ﬁeld and
the longitudinal direction of the zigzag wire are the
same. For wires with a ¼ 01; and 901, the long axis
of all the pitch segments are in a 7451 conﬁgura-
tion with the applied magnetic ﬁeld, for wires with
a ¼ 451, half of the long axis of the pitch segments
are in perpendicular direction to the applied ﬁled,
and the other half are in parallel direction. In
general, for ﬁelds decreased from 20 kOe and still
larger than 1.5 kOe, the magnetic moments should
align along the ﬁeld direction. As the ﬁeld
decreases to zero (H ¼ 0), the magnetic moments
in each segments rotate towards the wire axis
direction due to the shape anisotropy. As the ﬁeld
is switched to a negative direction, the magnetic
moments deviate from the easy wire axis into an
unstable state. At the minimum points of the
resistance curves shown in Fig. 2, the magnetic
moments of all the segments switch from a multi-
domain to a single-domain state, and all the
magnetic moments are aligned along the wire axis
direction. The shape anisotropy switch ﬁeld of the
segments should vary as function of the angle a
and the pitch length of the zigzag wires. In the
cases of a ¼ 01 and 901, the axis of all the pitch
segments is in the direction 7451. During the
magnetization reversal process, all the magnetic
moments rotate between 451 and 1351; in the case
of a ¼ 451, the axis of the pitch segments is either
in parallel or perpendicular directions with the
applied ﬁeld. During the magnetization reversal
process, the magnetic moments should rotate
between 901 and 1801. The switch ﬁeld for the
magnetic moments parallel with the ﬁeld (they
rotate over an angle of 1801) should be larger than
for any other direction. Therefore, for applied
ﬁelds less than 71.5 kOe, the magnetization
reversal process cannot be completed. The switch
process is incoherent for each segment in the
sample with a varying pitch length due to the
different lengths of the different pitch segments.
However, for the sample with a ﬁxed pitch length,
the switch process is coherent for all pitch
segments. As a result, a clear jump of the
resistance due to the transformation from a
multi-domain to a single-domain state for applied
ﬁelds varying from zero to 1.5 kOe, is not
observed. Except for this sample, the magnetiza-
tion reversal process is complete for all other
samples studied. A resistance jump near the switch
ﬁeld corresponds to a magnetization reversal
process from a multi-domain to a single-domain
state. For example, the resistivity varies roughly
from 40.39 106 to 40.36 106O-cm (domain
wall MR ratio=1.0 103) as the ﬁeld orientation
changed from 01 to 901.
Near the switch ﬁeld, a clear discontinuity in the
magneto-resistance has been observed, which is an
indication of the negative MR due to domain walls
and which is due to the transition from a multi-
and to a single-domain state. For the sample with
varied pitch length and a ¼ 451, more than one
resistance jump is observed. This is related to the
different magnetostatic energies of each pitch
segment.
To further prove the relevance of the magneti-
zation reversal process, we performed two
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Fig. 2. Field dependent resistivities at various ﬁeld orientations
recorded at 10K of the Ni80Fe20 zigzag patterned wires.
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sequences of measurements for which the results
are plotted in Fig. 3a and b. In the ﬁrst sequence,
we applied a ﬁeld of 20 kOe in the orientation of
a ¼ 901 to establish a multi-domain state in each
corner of the segments. As the ﬁeld is reduced to
H ¼ 0; the sample was rotated from 901 to 01 and
the MR was measured from zero ﬁeld to 1.5 kOe.
In this way, the switching behavior in half of the
segments of the zigzag wire can be determined,
since only that half of the segments of the wire,
which makes an angle of 1351 with the ﬁeld
direction, switches. This behavior corresponds to
the transition of a multi-domain state to a single-
domain state. In addition, the switching ﬁeld in
Fig. 3a is roughly 100Oe and is consistent with the
curve of a ¼ 901 in Fig. 2. However, as plotted in
Fig. 3b, we established the single-domain state by
applying a ﬁeld of 20 kOe in the a ¼ 01 direction.
At H ¼ 0; the sample was rotated from 01 to 901
and next the MR was recorded from H ¼ 0 to
1.5 kOe. In the sample with ﬁxed pitch length, half
of the segments of the wire are difﬁcult to switch
coherently from a stable single domain state
without domain wall energy to a multi-domain
state. In contrast, the sample with varying pitch
length shows one dip near H ¼ 475Oe. This comes
from that part of the segments that have a shape
anisotropy switch ﬁeld near 475Oe Fig. 4.
In summary, the domain structure can be well
controlled in zigzag wires. Domain wall nucleation
or switching can be observed from discontinuities
in the MR curves. Zigzag wires with different pitch
length exhibit different shape anisotropies in the
different segments. As a result, the magnetization
reversal process shows a step-like MR which is
caused by the different demagnetizing ﬁelds in
each segment. However, the two-domains state
was measured in wires with a ﬁxed pitch length.
We propose a technology of controlling the
domain structure and density in submicron wires.
The angular dependence of the magnetoresistance
in the remanent state in Ni80Fe20 zigzag wires has
been shown to arise from domain walls. It is due to
the domain state change at a ﬁeld orientation 451
with respect to the wire direction and is revealed
by the variation of the resistance. The shape aniso-
tropy and the magnetization processes can be con-
trolled by the wire geometry and the orientation
between the sample and the applied magnetic ﬁeld.
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Fig. 3. Field dependent resistivities due to the switching process
from the multidomain to the single domain in Ni80Fe20 zigzag
patterned wires.
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Fig. 4. Field dependent resistivities due to the switching process
from a single domain to a multidomain state in Ni80Fe20 zigzag
patterned wires.
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